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The rate of decarboxylation of malonic acid in aqueous 10lu• 
t1on• wae studied a.er a range of concentration•, pH'•, and 
temperatures. The catalytic effect of varloua divalent metallic 
iona waa also studied at a pH of O.l. Theae 1tudie1 did. not 
1upport a truly unimolecular decompolition a• the experimental 
order wae found to be alightly greater than one. An empirical 
relation for the rate of decarboxylation waa formulated in which 
. . 
the undiaaociated malonic acid and the monovalent malonate ion 
were the reactive epeciee • 
. A poaaible mechaniem of decarboxylation due to aolvent 
activation wa1 poetulated. No pronounced catalytic effect due 
to the diYalent metal ion. vae obeerrad. 
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1 
I. INTRODUCTION 
Thermal decarboxylation of carboxylic acida hae been helpful 
in illustrating eome fundamental• of reaction kinetic• in aolution. 
It hae been important in formulation of the theory of unimolecular 
reactions. It i1 al1o. u1ed frequently in the 1ynthetical methode 
of organic chemi1try. 
In • recant study of the anodic oxidation of malonic acid in 
0 
aulfuric acid at 80 C using a platinum anode, the interpretation 
of lome result• was impossible due to the epontaneou1 decompoaition 
of the malonic acid. Aa no information il available in the liter• 
ature about decomposition rates of malonic acid in aulfuric acid 
at the concentrations used, it was neceesary to study thi1 a3pact 
before continuing the anodic oxidation studiee. {1) 
The purpoee of thi• inveetigation wae to determine reaction 
rate, order, activation energy, pR effect, and catalytic effect 
of divalent metal lone on the decarboxylation at higher concantra-
tione (O.SN to 5N) of malonic acid. Hopefully, these data could be 
used to extend the mechanism propo1ad by other• in the low concan• 
tration region (2) or to •ugge•t a machanl•• to apply to the•• higher 
concentration•. 
2 
II • LI'fERATUR! REVIEW 
Thia literature review includaa general information about 
the kinatica of decarboxylation raactiona and revieva atudiea on 
the decarboxylation of malonic acid and the catalytic effect of 
divalent metal ton• on decarboxylation. 
pecarboxylation Reactiont. The kinatica of the dacompoaition 
of carboxylic acida ha.e•been ltudie4 numeroua timea accordina to 
the achemea 
(l} 
It baa been ahown that moat aclda decompoaa unimolecularly and 
that aeveral decompoaa in their anionic form (3), i.e., 
(2) 
However, aome acidl decompoae mora rapidly aa free acidl. Thia 
behavior baa been interpreted aa involving unimolecular decompo-
aition of a avitterionic form (3): 
(3) 
It baa been found that aome ~-ketocarboxylio aeida obey a 
rate law of the follovina type: 
rate • k' (keto acid) + k" (keto acid anion) (4) 
The~· ia usually much larger than~" (4). Bxamplaa of thia 
behavior are found for acetoacetic acid, camphor•3•carboxylic 
acid, and ~.~·dimethylacetoacetic acid. For ~,a•dimethylaceto• 
acetic acid, the enol fora i~ atable towarda decarboxylation. The 
unatable keto fora la thouaht to decoipoae aa avitteriona (3)1 
CH3 0 
I ~ CH- c-c-,c 
3 (._.II, I 'o. 
-wac~ · 
----.,._ CH- c-;=~ 
3 dH "cH 3 
3 
(5) 
It hat al~o been augg~~ted tl~t in~tead o( the zwitterionic form, 
the bydrosen•bonded etructure decompoeea unimolecularly (3)t 
(6) 
However, these viewa are identical because the nuclear config~ation 
.. 
of the Ewitterion and the hydrogen-bonded ttructure are the same (3). 
Pedersen (5) conducted kinetic studiel of the decomposition of 
nitroacetic acid in aqueous tolutions. He showed that the monovalent 
nitroacetate ion decompoaea unimolecularly, whereas tha undiaa~iate~ 
. -
acid and the bivalent ion, N02 :CHCOO , are stable. He aleo found 
that the rate of decarboxylation was equal to the rate of reaction 
of an intarmedtate with bromine, and hence proposed the following 
mechanism: 
(7) 
Wiig (6, 7) and Prue (8) car.ried out rate meaaUFemanta on tha 
decarboxylation of acatonedicarboxylic acid. Wiig found that the 
rat• decreased and reached a conatant value with increaaing hydrogen 
ion concentration in aqueou1 eolutiona. Since · th~ionization wae 
aupreeaed at higher hydrogen ion concentration, a conatant rate was 
attained when the acid was in the undiaeociatad form. Therefore, he 
concluded that the mon~alent ion of acetonedicarboxylic acid decom• 
. . 
.. 
poaed faater than the uadla,oc~ted acid. furthermore, he ataumed 
4· 
that two molecule• of do2 ware aimultanaoualy loat from an acid 
molecule and did not conaider the preaanca of any acetoacetic acid 
which would have bean formed by a atepwiea decomposttion. 
~ i The asaumption of Wiig vas not aupported by Prua. Since 
acetoacetic acid alao decompoaea at an appreciable rate, he pro-
poaad a new mechaniam in which the decompoaition conaiatad of two 
conaecutiva irraveraible unimolacular reactiona. In acetate-buf-
farad aolutiona, Prue found that the aecond molecule of carbon 
dioxide was lost vary alowly. The loae of the firat mol~cule of 
carbon dioxide produced acatoacat~c acid which waa almost completely 
converted into the ionic form in the acetate buffer. He explained 
a slow loea of the second molecule of co2 by observin& that the 
dacompoaition of the acetoacetate ion waa vary alow compared to 
that of the undissociatad acid. Thua, he propoaed the folloving 
kinetic achema for the decarboxylation of acetonedicarboxylic acid 
in acetate-buffered aolutiona: 
kl 
H20 + ·coocH2COCH2COO- ~ ca3cocH2coo· + C02 + OH- (8) 
k2 . -
~ CH3cocn3 + C02 + OR (9) 
A kinetic study of the decarboxylation of dihydroxymalaic 
-acid haa revealed that the univalent ion OOORCOHzCOHCOO decompoaea 
and the undissociated acid ia stable (3). However, a detailed 
mechaniam for this acid has not been determined. 
The reaulta obtained for the above mentioned dicarboxylic 
acids are aimilar to thoae found for the monobaaic ~-keto acida. 
The kinetic work of Varhoak and co•vorkera (~1 10,11) . on th• 
s 
decarboxylation of trichloracetic acid in aeveral aolventa haa 
ahown tbe reaction to be firat order, The rate determining atep 
waa propoaed to be the decompoaition of tbe trichloracetate anion 
' 
forming carbon dioxide and •the anion of the acid chloroforma 
(10) 
This mechanism was aupported by the following observation•: 
(1) Trichloroacetic acid waa completely ionized in water, (2) the 
activation energiea for the decarboxylation of the acid and ita 
sodium salts in water were the same, (3) the decompoaition waa 
very alow in non-ionizing solvents, and (4) in non-aqueous aolvent 
(Rthyl alcohol), the rate was found to be 'pro~o,tional to the con-
centration of the anion produced by adding bases. 
Thus, the result• obtained from measurements of rates of 
decarboxylation indicate that some acida decompose as anions, some 
as zwitterions, and others from the unionized form. Some show 
aimultaneoua decompoaition of mor~ than one apeciea. The ease of 
decarboxylation seem• to be determined by the type of aubstituenta 
preaent within group ! of the acid R-COOH. The acids with properly 
situated strongly electron attracting aubatituents like •N02, 
-cc13, -~. :or -c-o seem to decarboxylate more readily. 
The following genera~ties were noted: (1) The acids with 
properly aituated electrophilic groups are dec~rboxylated more 
readily in the form of their .an~o~s since they form stable carbon 
ions during the fission of th• carbon-carbon bond. (2) ~-keto . . 
• 
acida are decarboxyl-ted in the form of both their anions and 
zwitteriona. (3) A number of nitrogen containing acida uadergo 
... 




' " takea place more readily if the •C• group ia aituated beta to the 
•COOH group (12). 
Decarboxylation ~ Malonic ~· Laakin (13) haa ahown that 
• . ,._" 0 
pure malonic acid undergoea decarboxylation at 138 C. He found 
the decompoaition to be fiYit order with a rate conatAnt equal 
·1 to 0.021 min 
Hinehe1wood (14) meaaured the rate of decompoaition of molten 
, .. . 
0 
malonic acid above the melting point (134 C) and of the a~percooled 
liquid. It waa found that the rate of decomposition waa firet order 
for both. The rate of decompoeition of aolid malonic acid waa 
meaaured at different temperatureiand the following expreeaion 
deduced to correlate the rate constant with temperaturel 
vhare, 
•1 k • rata conatant, min 
0 t • temperature, e 
·(11) 
Tba raaults obtained from experi~ntl wit~ the euparcoo1ed liquid 
ahoved that it decompoaed more rapidly.than the molten aolid. 
Muus (15) iDYeltigated the rate of decarboxylation of dibromoe 
malonic acid in aqueous eolution at concentration• of 0.1, 0.2, 
and 2N and at pH'• ranging from 0 to 5. The reaction in aolutiona 
of hydrochloric acid waa found to be firat order. How~er, the 
rate conetant in buffer aolutiona was found to decreaee alightly 
during the reaction. Thia a~eriment~l obaervation wa• not 
aubatantiated but vaa. thought to ba due to a decreaae in hydro• 
g~n ion concentration owina to the diaappearance of 41br0mom&lonic 
acid. · 
1 
It waa ahown that the decarboxylation in buffer aolutiona proceeded 
with a secondary salt effect but with no primary aalt affect. More• 
over, it waa found that the ratio of the rate conatant to the con• 
cantration of unionized dibromomalonic acid remained constant ir• 
reapective of the reaction n1edium. Therefore, it waa concluded 
that there waa no general acid or base catalyaia. The rate measure• 
menta in the different reaction mediums establiahed that the undia• 
aociated acid and ·coOCBr2coo· ion were stable and that the rata 
of decarboxylation was proportional to the amount of primary ion 
preaent, i.e., 
(12) 
An energy of activation equal to 2S keel/mole was found from rate 
measurements at 25 and 35°C in RCl solutions. 
Fairclough (16) studied the kinetics of decarboxylation of 
the ions of three monobaaic acids (trichloroacetic, tribromoacetic, 
and phenylpropiolic) and one dibasic acid (malonic) at different 
temperatures. In order to iaolata the reaction of the iona of the 
acida from any possible reaction by the uudiaaociated molecules, 
aqueoua solutions of the aodium oalta were used. For the monobaaic 
acids, the reacti)n rata waa found to be firat order. A mechanism 
waa proposed in which the rate determining atap waa the rupture of 




The diaodium 1alt of malonic acid wa1 unreactive, eo sodium hydrogen 
malonate vaa uaed. lt w.a found that aqueous •alu~ion• of th~• 1alt 
8 
I decomposed about twenty per cent aa faat aa aolutiona of malonic 
acid. If it were aaaumed that only undiaaociated molecules were 
decomposing in both casea, the difference in the rates would be 
much greater as the degree of hydrolyais of the hydrogen malonate 
was found to be vary low. The same activation energy waa aaaociated 
with the decomposition of both apecies. Therefore, Fairclough pre• 
dieted the possibility of both the ion and the undisaociated molecule 
undergoing decarboxylation. Although a detailed mechanism of the 
decarboxylation of malonic acid waa not determined, the experimental 
obaervation led to the conclusion that the mechanism of decarboxy• 
lation waa not the aame for monocarboxylic and dicarboxylic acids. 
The rate of decarboxylation of aqueous solution• of malonic 
0 
acid at temperature• of 80 and 90 C was inveatigated by Hall (2). 
Be measured the ratea at various concentrations (0.005 to O.OSM) 
. 
of malonic acid in water. The effect of pH (0.4 to 4.89) on the 
decomposition waa alao atudied. The resulta ahowed that: (1) 
The reaction rate waa first order. (2) The valuea of the rate 
constanta increased regularly with an increase in malonic acid 
concentration. (3) The rate constant• increased with decreasing 
pH in the region 2.5 to 0.4, then levelled off at a pH of 0.4. 
Above a pH of 2.S, the rate conatanta decreaaed rapidly and approached 
a minimum value at a pH of about s.o. (4) The activation energy 
remained essentially constant at 29 to 31 kcal with changing pH and 
malonic acid concentrationa. 
Hall atated that the concentration and pH effecta were not 
independent, i.e., the obaerved concentration effect waa related 
to th• diaaociatiou of the aoid aa vaa alao the pH. He did not 
9 
' eupport the decompoaition of only undiaaociated anion aa propoaed 
by Verhoek and co•worker• for trichloroacetic acid (13,14,15). 
Since the rate constant l.velled off at low pH'a, he postulated 
that acid catalyaia vaa not occurring. He further atated that the 
presence of only the uudiaeociated malonic acid at low pH'• and 
only the acid malonate at high pH'• would produce the observed 
change in the rata constant. Tbua, the decompoeition of malonic 
acid could follow two pathez 
(15) 
(16) 
-Reaction (16) ia followed by another reaction in which the COOHCH2 
ion react• with solvent to form acetic acid. Therefore, the overall 




k • observed rate conetant at the atoichiometric malonic acid 
concentration !. 
k1 • rate constant for reaction (15) 
k2 • rate constant for reaction (16) 
x • the concentration of acid malonate 
Rearranging equation (17) giveaz 
(18) 
Valuea of x/a were obtained from a known value of ~ a measured value 
of pH, and the firat dialociation constant of malonic acid. It waa 
1bown that the bivalent ion (·oooca2coo·) did not decompoae and 
10 
that the second ioni&ation constant could be aafely neglected 
at the pH's atudied. The increaae in the rate constant 1 (aee 
equation 18, page (9) with increasing hydrogen ion concentration 
vas due to the increased amount of unionized malonic acid. There• 
fore, reaction lS occurred predominantly. At higher pH'a, the acid 
existed esaentially in the singly ionised form and only reaction 
16 took place. Thus, a decrease in the rate constant was obaervad 
at higher pH'•• 
Malonic acid is somewhat aimilar in structure to the P•keto 
acids. Therefore, it has been proposed that the decarboxylation 
of the undisaociated acid should taka place through hydrogen bonded 
or cvitterion forms yielding the anolic form of acetic acid which 












Catalytic Effect of Divalent Metal ~ ~ Decarboxylation. 
Steinberger and Westheimer (18) have made a study of the decarboxy• 
lation of dimethyloxaloacetic acid. They found that both the mono• 
. -anion ! and dianion ! took part in the reaction and that the rata 
could be expressed mathematically by the equations 
rate • kA•(A•) + kA•(A•) 
The pH•rata relationship showed that the rate increased up to 
(20) 
pH • 3.0, decreased between pH'• of 3.0 and 4.0, and then levelled 
off at a constant value abo¥e pH'• of 4.6. It was further ahown 
. 
that decarboxylation waa catalyzed by aeveral metal cation• 
(Cu+2, Al+2, Ni+2, Mn+2, Fa+2, and Fe+3). It waa found that in 
the presence of low metal ion concentration& (0,0005 to O.OlH), 
the rate approximated a firat order reaction. The affect of pH 
on the metal catalysed decarboxylation revealed that a diacon• 
tinuity exiated at a pH of about 3.5. Thia was explained aa a 
dependence of the catalysed decarboxylation on the composition 
of the buffer solution. Thia effect waa not observed with the 
uncatalyzed decarboxylation. The increase in the rate conatant 
with pH indicated that the metal iona coordinated with the di• 
anion. The following mechaniam wa1 propoaedz 
ll 
(21) 
During the decarboxylation, an electron pair initially associated 
with the carboxylate ion group is tranaferred to another part of 
the molecule. A metal•ion would aaaiat thia transfer because of 
ita poaitive charge. Therefore, the more readily the metal ion 
coordinate• with the carbonyl group, the greater ahoulJ be ita 
catalytic activity. Accordingly, in buffer 
found to be more effective than Al+3, Ni+2, 
+2 
aolutiona, Cu waa 
+2 
and Mn • The af• 
ficiency of copper ion1 •• a decarboxylation catalyat was found 
to be .different in the preaence of varioua complexing agent•. 
12 
+2 Citrate greatly reduced the catalytic activity of Cu , The 
rate waa greater in the pre1ence of pyridine than with acetate, 
It was 1uggeated that thole negative ion1 which form atable com• 
plexa1 with Cu+2 dimini1h ita catalytic activity. A complexing 
agent which does not neutralize the charge on the copper ion 
doea not destroy its catalytic activity. Thus pyridine was 
found to be more effective in promoting the rate Iince it readily 
+2 formed complexes with Cu without neutralizing the charger 
o-.c- c-c(ca..) -coo· 
·6 \\ -J 2 ,, 
/ '\ 
Py Py 
The decarboxylation of nitroacetic acid in the presence of 
metal iona was thought to occur through complex ion1 involving 
the metal and nitroacetate ions. These complex ions were decar• 
boxylated leaa readily than noncomplexed ionl, Thi1 was suggested 
aa being due to the coordinationoof a metal ion with the carboxy• 
late group making the nitroacetate ion inactive, This deactivation 
would be somewhat similar to that of a hydrogen ion combining with 
the univalent ion to give the non-reactive unionized acid. (See 
page 3). The association constant was found to vary for different 
metal iona in the order: Al+l> Cu+2> Be+2> Cd+2> Pb+2> Ni+~ Zn+2> 
Co+~ Mg+$ ca+2 (19). Values of K were calculated for the equ111• 
briuuu 




An investigation by Prua (8) pertaining to the catalyzed 
decarboxylation of acetonadicarboxylic acid has sho~ that cataly111 
depends on chelat i.on between the activated complex and a metal 
cation. He showed that Cu+2 ions exerted strong catalytic effect• 
compared to other metal ions such as Ni+2, Co+2, Mn+2, Cd+2, and 
Mg+2 • No catalytic effect was observed when Cu+2 ion• were added 
to a solution containing hydrochloric acid. Prua concluded that 
the decarboxylation proceeded with the lose of a molecule of 002 
from the bivalent acetonedicarboxylate ion: 
CH2 CB2 CB2 I 'cl \ o-1 \_CH2 o-c H c-o .., 
_I I. _, t:. + C02 (24) 0 0 0 0 
(a) (b) 
Therefore, the metal ion catalysis wae most effective at that pH 
where the dianion (b) predominated. The catalytic affect of 
divalent mQtal ions correlated very nicely with the etabilitiea 
of the complexes formed by the tone. Their order of 1tabilitiea 
baa been shown to be: Mn +2< Co +2< Ni +2 < Cu +2 > Zn +2• 
111. EXPERIMENTAL 
Purpose of the Investigation 
The purpose of this investigation was to study the rate of 
decarboxylation of malonic acid at higher concentrations (O.S 
14 
to 5N) in sulfuric acid. The data obtained could be used to 
extend the mechanism proposed by others (2) into the high con-
centration region or to auggeet a new mechanism that applies at 
these concentration•. The effect of pH was aleo studied in order 
to obtain a better understanding of the reaction mechanism. 
Plan of Experimentation 
The experimental plan for the atudy consisted of the fol• 
~owing major partal (1) Effect of malonic acid concentration 
(0.5 to 5N) on the reaction rate, (2) effect of pH on the reaction 
rate, (3) effect of temperature on the reaction rate, and (4) poe• 
eible catalytic effect of varioua divalent metal ions on the 
reaction rate. 
Materials 
The materials are listed and described in Appendix A. 
The schematic diagram of the experimental apparatus ia 
shown ia Figure 1. 
A - Constant Temperature Bath 
B ~ Reaction Flask 
C - Mercury - Sealed Stirrer 
D - Condenser 
J E - Gas-Burette 
F - Manometer 
G - Leveling Burette 
H - Stopcock 
I - Three-way Stopcock 
J - Gas Inlet 
Figure 1. Diagram of apparatus for measuring decarboxylation rate of malonic acid. 
16 
Method,.of Procedure 
The procedure followed and the method foT the meaauTement 
of carbon ·lioxide evolution rate &Te described in Appendix B. 
Results 
The data procured for the effects of concentrat~n, pH, 
temperature, and additions of divalent metal cations on the rate 
of decarboxylation are presented in Appendix c. 
-
Data for the 
concentration and pH effecta are summarized in Table I. 
Concentration Effect !ul H Sulfuric~· The rates of 
. 
decarboxylation of malonic acid were measured at a temperature of 
79t 0.2°C and at malonic acid concentrations' of O.S, 1.0, 1.5, 
2.0, and S.O N. A check run waa made for 1.0 N malonic acid at 
0 79 c. It waa observed that the steady state data could be repro• 
duced very well (within t s percent). The•• data are presented 
in Tables XI through XVI. 
Since only a small amount of malonic acid. (less than 3 per• 
cent during a normal run) decomposed during a run, ita concentra• 
• tion remained relatively constant. Thus the reaction rate at a 
particular malonic acid concentration could be calculated directly 
by measuring the co2 evolution rate. In this manner, values of 
1 (the rate constant) _ for an assumed rate -equation were calculated 
using the initial concentration of malonic acid. 
Normally, the reaction solution waa •aturated with co2 
before starting the measurement• (aee Procedure, Appendix B). 







RATK OF DKCARBOXYLAUON OF MALONIC ACID 
IN AQUEOUS SOLUnONS AT 79°C 
Average rate (ml 002/eac) SIP 
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the solution. The data collected from this run are given in 
Table XXXIII, Appendix C. Figure 2 also shows the time behavior 
of this rate compared to the rate in a similar •olution previoualy 
aaturated with oo2• Both methods gave essentially the •arne rata 
indicating that the decarboxylation is irreveraible and that 
it rapidly saturates the solution vith 002• 
Rate constants, assuming the decomposition to be first order 
with respect to the total acid concentration, are shown in Table II. 
It can be seen that they increase with increasing malonic acid 
concentration. The increase is outside the limits of experimental 
error. It is probably not due to the use of concentration rather 
than activities as activity coefficients would be relatively con• 
stant in these solution•. It 1hould be noted that the increase 
of the rate constant is regular rather than random. 
The ideal gas law wa• assumed in order to relate the ratea 
of carbon· dioxide evolution and malonic acid decarboxylation. 
~ Effect. The effect of pH on the reaction rate was studied 
by meaauring the rates at a temperature of 79! 0.2°C and at pH's 
of 1.5 and 2.5. For each pH, malonic acid concentrations of 0.5, 
1.0, 1.5, and 2.0 N were used. The solutions were prepared using 
calculated quantities of u2so4, K2so4, and malonic acid in which 
the sulfate composition was held conatant at one normal. The pH't 
of the solutions were checked with a pH meter and the measured 
value normally agreed within t 0.2 unit of the calculated value. 
The calculated values were used as the pH of the solution. 
The data obtained are shown in Tables ~VII through XXIV. The 
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Q, Sec x 103 
Figure 2. Rate of evolution of C0 2 with and without prior saturation with 
0 C02 at 79 C. 
TABLE II 
DECARBOXYLATION OF MALONIC ACID 
Average rate (STP) 
0.25 0.00288 
0.50 0.00575 















are shown in Tables lll and IV. Ae,ain, the rate constants 
increase regularly with increaaing malonic acid concentration 
for both pH's, 
If the reaction is truly unimolecular, then the rate con• 
stants should not vary in the observed manner. Therefore, the 
following expression was used to see if a slightly different 
order would correlate the rate data: 
n 
rate • k'C 
Figure III is a lo6arithmic plot of the rates versus the total 
concentration of malonic acid for various pH's studied. The 
elopes and the interceptA were evaluated by the method of least 
squares. The results obtained are shown in Table V. It can 
(25) 
be seen that the expression correlates the rate data very nicely, 
but that the rate constant for the solution of pH 2.5 differs 
aignificantly from those evaluated for pH's 0.3 and 1.5. 
The concentrations of the undissociated malonic acid, and 
monovalent ion, the bivalent ion, and the hydrogen ion were 
calculated for the different reaction solution• and the result• 
are given in Table VI. This table ahowa the amount of malonic 
acid ionized in solutions of pH's 0.3 and 1,5 is very amall, 
but that a significant amount is ionized at a pH of 2.5. This 
suggests that the decrease of the rate constant (Table V) in the 
latter solution could be due to a decreased reactivity of the 
monovalent ion. If this were true, then the order of 1.05 and 
the rate constant of 1.83 would be applicable to the unionized 
speeiea whieh ware predominant at pH'a of 0.3 and 1.5. Therefore, 
TABLE III 
DECARBOXYLAnON OF MALONIC ACID IN AQUEOUS SOLUTION 




















DECARBOXYLATION OF MALONIC ACID IN AQUEOUS SOLUTION 









































0 - pH .. 0.3 
~ - pH • 1.5 
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0.15 0.3 0.6 1.0 
C - - gmol/1 T 
2.0 4.0 
Figure 3. Rate of evolution gf co2 from aqueous solutions of 






KINETIC PARAMETERS FOR THE DECARBOXYLATION 
OF MALONIC ACID AT 79°C 
Ord&r CJb k X 10•6 
1.054 to.oos 1.83 
1.058 '±0.007 1.87 












EQUILIBRIT..i'M CONCENTRATIONS OF VARIOUS SPECIES IN HALONIC ACID, SULFURIC ACID, 


































































the following equation was asaumed for the pH of 2.5: 
1.054 




-4 CO evolution, ml/sec at STP (factor 1.487 x 10 co~verts CO evolution rate to malonic acid decar-
boxylation tate) 
CH M • concentration of the undisaociated malonic acid 
2 (gmols/1) 
C • • concentration of monovalent malonate ion (gmola/1) HM 
m • order for malonate ion 
k2 • rate constant for malonate ion 
This equation can be rearranged to the following form which was 
used to evaluate the rata constant and order for the monovalent 
malonate ion: 
•4 •6 1.054 m 
(1.487 X 10 rate - 1.834 X 10 c~M ) • k2CHM· 
Figure 4 is the graphical representation of the above equation 
in a logaritrunic (linear)form. Considering that the difference 
on the left side of Equation 27 was obtained from two values of 
approximately the same order of magnitude, the linearity of the 
(27) 
plot is considered satisfactory. Accordingly, the rate constant 
12 and order ~ were calculated by the method of least squares 
·6 
and were found to be 1.25 t 0.03 x 10 and 1.02 ± 0.04 respectively. 
Thus over the region studied the decarboxylation rate (R) can be 
represented by the equation: 
·6 1.05 
R • 1.83 X 10 CH M + 1.25 x 
2 
6 1.02 
10- c -HM (28) 
0 Durin; one experiment, performed at 79 C and at a pB greater than 
7, only 2 ml of co2 waa evolved after a period of ten hours. At 
3.0xl0-7 
-8 3.5xl0 
0,03 0.04 0.06 0.1 0.2 0.4 
CHM- - gmol/1 




this pH, the dimalonate ion predominated. Therefore, it is 
believed that the dimalonate ion does not decarboxylate. 
Iemwerature Effect. Experiments were conducted for the 
decarboxylation of 1.0 N malonic acid in 1.0 N H2so4 , at tem• 
t • 70 7S 79 8S, and 90°C. Th t t t (k ) para urea o~ , , , e ra e cons an a H M
2 
are shown in Table VII. They have also been plotted as a function 
of reciprocal absolute temperature in Figura 5. The method of 
laaat aquarea was used to evaluate the alopa and the intercept. 
The calculated activation energiea and frequency factors are shown 
in Table Vlll. 
The temperature affect was 6lso studied at pH's of 1.5 and 
0 2.5 by measuring the rates at temperatures of 70, 79, and 90 c. 
For each pH, one normal malonic acid was used. The data obtained 
from these runs are shown in Tables XII, XVIII, XXII, and XXV 
through XXXII. Tabla VII summarizes the results. The Arrheniua · 
plota are also shown in Figure S. 
The Arrhenius ~ activation energiea and the frequency factors 
at the various pH's are shown in Table VIII. 
Catalytic Effect ~ Divalent Metal 12£!• Experiments were 
performed to determine if divalent metal ions would catalyze the 
decarboxylation reaction. Concentrations of 0.01 and 0.05 N 
nickel sulfate, cobalt acetate, calciuQ aulfate, and copper acetate 
were used. Each study was made in one normal malonic acid in 
0 1.0 N H2so4 at 79 c. The data obtained from these runs are 
presented in Tables XXXIV through XLIII. One mora run was 
made uaing 0.1 N copper sulfate. Table IX •howa a aummary of 
th• •ffecta of the varioua metal ione. A alight increaee can 
TABLE VII 
EFFECT OF TEMPERATURE ON THE DECARBOXYLATION OF 1.0 N MALONIC ACID 
Temp pH., 0.3 pH ., 1.5 pH ., 2.5 
oc Avg. rate 
k*x 106 
Avg. rate 
· * 106 
Avg. rate 
~X 106 m1 co2/sec ml co2/sec k X m1 CO/sec 
70 0.001890 0.584 0.001791 0.554 0.001623 0.358 
75 0.003566 l.llO 
79 0.005750 1.778 0.00613 1.895 0.005170 1.252 
85 O.Ot262 3.901 
90 0.02177 6.730 0.02149 6.659 0.001826 3.640 
* Rate constant for the undissociated malonic acid. 
** Rate constant for the monovalent malonate ion. 
~I 
-6 10 . 
2.8 
() - kHM- (pH • 2.5) 
6, - k · (pH • 0 .3) H2M 
'\1 - k H M (pH • 1.5) 
2 
2.85 2.9 





AlUUlENlus ·· PARAMETERS FOR THE DEC&'-BOXYLATION 
OF 1.0 N MALONIC ACID 
pH O'E ln A 
* :iO.l 0.3 30.5 30.3 
* 1.5 30.S il.l 30.4 
*It 2.46 31.4 ±1.0 26.7 
* Activation energy and ln A for unionized malonic acid. 








EFFECT OF DIVALENT METAL IONS ON THE ~TE OF DECAR~CXYLATION 
OF 1.0 N MALONIC ACID IN 0 1.0 N H2so4 AT 79 C 
Cone. of Salt Avg. rate (STP) k X 106 




NiS04• 6H20 0.01 0.00617 1.84 
0.05 0.00625 1.86 
CO(C2H3o2) 2• 4H20 0.01 0.00586 1.74 
0.05 0.00633 1.88 
CaS04• 2H20 0.01 0.00548 1.68 
0.05 0.00614 1.82 
Cu(C2~o2). H20 0.01 0.00604 1.78 
0.05 0.00612 1.81 
Cuso4 0,10 0.00609 1.81 
Platinized Pt (0.75 sq in) 0.00608 1.81 
34 
be noted in the rata in most all cases, but nothing is noted that 
would be called a pronounced catalytic effect. 
Sample Calculations 
The methods used for calculating the averuge rates, the rate 
constants, the concentrations of different &pecies in the solutions, 
and the pH of the solutions are presented in Appendix C. 
J5 
IV. DISCUSSION 
With the assumption of a first order decarboxylation of malonic 
acid, the rate constants increased regularly with increasing malonic 
acid concentration at a constant pH (see Table II). Rata congtants 
reported by Hall (2) at lower concentrations of malonic acid in 
water (0.005 to 0.05 M) also showed such an increase. He explained 
this as due to a decrease in pH with increasing malonic acid con• 
centration. '£he various concentrations studied in this invcsti• 
gation were in the same pH re3ion studied by Hall. Thus, his ex• 
planation does not seem valid. Moreover, attempts to explain this 
observation on the basis of salt effects also failed, as the ionic 
strengths of the solutions used in this study remained relatively 
constant. Also, the pH's of the solutions in 1.0 N H2so4 were 
low enough so that reaction predominantly involved the neutral 
molecule for which the salt effect would be small. This leads to 
the conclusion that the decarboxylation of malonic acid is not 
truly unimolecular. Accordingly, an order of 1.05 was found to 
more accurately correlate the rate data for the neutral molecule 
and 1.02 for the singly ionized species. 
If one were to assume a first order decomposition, the fol-
lowing expression can be deduced (20): 
-6 -6 
rate • 1.8 x 10 CH M + 1.0 X 10 C1ll1-
2 
(29) 
A comparison of the experimental rates with those obtained usin3 
equations 28 and 29 is presented in Table X. It can be noticed 
that a bet~er agreement is obtained using equation 28. However, 
the constanta of equation 29 have not been subjected to refinement 
TABLE X 



















































procedures. Though the rates using the first order expression are 
not much outside tha error limit, they do not show the observed 
trend in the data. 
The possibility of solvent activation might explain the 
deviation of the decarboxylation reaction from first order be-
havior. The influence of the solvent on a rate process in solu• 
tion has been illustrated using the collision theory (21). The 
theory assumes an activation and deactivation of r~actant molecules 
by collision with various other species in solution, specially 
solvent molecules. The general form of the equation can be developed 
aa follows: 
2 
rate of activation • k1Cs + k2C 
rate of deactivation • k3as + k4ac 
rate of reaction • k5a 
where: 
C • concentration of reactant 
S • concentration of solvent 
a • concentration of activated reactant 
For a stationary concentration of the activated species: 
rate of activation • rate of deactivation + rate of reaction 
and, 
rate • 
The relative magnitudes of these rate constants determine the 
order of the reaction and the extent of the solvent effect. 
On the assumption that k5)k3S + k4c, 




This would explain the reaction order observed in these atudiea 
2 if the solvent activation were predominant, i.e., k1CS)k2c • 
Since the aolvent concentration is approximately conatant: 
(32) 
The alight variation of solvent concentration and any contribu• 
2 tion by the term k2C would cause the order to deviate from unity. 
The above assumptions are somewhat substantiated by the fact that 
malonic acid in aqueoua solutions decarboxylate& faster than in 
the molten state (14). Also, in an experiment performed in these 
studies no gas was evolved when 15.6 grama of solid malonic acid 
0 
was held at 79 C for 6 houra. Since the concentration of water 
was approximately constant in this work, the actual effect of the 
solvent on the decarboxylation awaits further experimentation. 
In this regard, it might also be added that Brown has stated in 
a recent paper (3) 1 ''no unambiguous evidence has been recorded 
to indicate the decomposition of an acid molecule by a unimolec• 
ular mechanism". Aa it haa been hypothesized that the carboxylic 
group is usually in the anionic form before decarobxylation, he 
proposed two possibilities for the removal of a proton by a solvent 
molecule in a fission of the carbon-carbon bond. 
1. aimultaneoua removal of a proton: 
0 
I 1/ • + 
-c-c + s ---;~~ c + co2 + HS 
1 '0-H 
2. removal of a proton after fission: 
I J 1_ -±/l 
-c -c ---••-c + c 










The measured rates in solutions of 0.3 and 1.5 pH were not 
appreciably different (see Table I). A slight increase in the 
rates at the pH of 1.5 was well within the limit of and was con-
sidered to be due to the experimental error. Thus, acid catalysis 
was not supported. This suggested that the appreciable decrease 
in the rates at a pH of 2.5 should be attributed to a decrease 
in concentration and/or a decrease in reactivity of some reacting 
species at this pH. The concentration of the malonate anion was 
appreciable at pH 2.5. It seemed proper therefore, to formulate 
the general empirical relation to represent the decarboxylation 
in terms of the two species, H4c3o4 (H2M) and H3c3o4• (HM-). 
Accordingly the following equation was deduced: 
-6 1.05 -6 1.02 
~ • 1.83 x 10 CH M + 1.2 x 10 CHM-
2 
(28) 
The magnitudes of the rate constants for the undissociated malonic 
-6 
acid and the acid malonate ion reported by Hall were 2.12 x 10 
and 0.24 x 10-6 respectively. These are to be compared with 
-6 -6 1.83 x 10 and 1.2 x 10 from this work. 
The activation ener3iea and frequency factors for the un-
dissociated malonic acid (30.5 kcal/mole and ln A • 30.3) and 
the monovalent malonate anion (31.4 kcal/mole and ln A • 26.7) 
were evaluated from Arrhenius plots (Figure 5). Values of the 
activation energies reported by l~ll were ~- M • 30.8 kcal/mole 
.H2 . 
and ~- • 28.5 kcal/mole. 
40 
The studies made with several salts of divalent metal ions 
shoved a slight increase in the rates. However, the effect of 
these metal ions on the decarboxylation was not sufficient to 
interpret it as a catalytic effect. 
Possible Mecb.anism £! Decarboxylation. The thermal decom-
position of malonic acid can be represented by the simple chem• 
ical reaction: 
COOHCH2COOH 
In aqueous soluti~ns, malonic acid would dissociate as: 
COOHCH2 COOH =r=:::= 
COOHCH2 COO.. ::;:::=:: 
COOHCU2coo• + H+ 
·coocn2coo· + H+ 
These studies support the decarboxylation of two species, the 




do not support the deco~position of the divalent ion as reported 
by Hall and Fllin:lougl, (2, 16). 




• ~I " \ 01# 0 0 
I I I • 
o-c c-o _...,.,..jllloo. co2 + c-o + oH \ / I 
~CH2 CH3 
u .... o 
(40) 
I(' 
Recommendations. lt would be interesting to continue thQse · 
studies and check the solvent activation hypothesis on the 
mechanism of the decarboxylation of malonic acid. This could 
be done by measuring the rates in glacial acetic acid and/or 
pure dioxane, 
The kinetic &tudies could also be further extended to check 
the validity of the empirical relation derived in this 1aveat1• 
gation by measuring the Tates at pH's greater than 2.S. 
V. SUMMARY AND CONCLUSIONS 
The kinetic studies of the decarboxylation of rr~lonic acid 
were made at higher concentrations of malonic acid (0.5 to SN) 
and at three pH's (0.3, 1.5, and 2.5). The experiments were 
0 
conducted at a temperatura of 79 C. First order rate constants 
were found to increase regularly with increasing malonic acid 
concentration. An empirical relation was found that would cor• 
relate the rates of the region studied: 
1.05 
·6 
10 CH M 
2 
rata • 1.83 x 
1.02 
-6 
+ 1.25 X 10 CHM• 
42 
Activation energies ware found allowing the rate constants to be 
expressed as a function of temperature: 
X 1013 e-30500/RT kH M • 1.42 
2 
k •• 4 •0 x 1011 e-31400/RT 
HM 
Experiments with various divalent metal ions showed vary little, 
if any, catalysis, 
These studies led to the following conclusions: 
1. A decarboxylation of malonic acid in aqueous solutions is 
not truly unirnolecular. 
2. The rate data can be correlated using an order slightly 
greater than one. 
3, pH has an indirect effect on the rate only in that it 
affects the ionization of malonic acid. 
4. The undissociated malonic acid and the monovalent mal-
onata ion were the reactive species. The divalent ion 
43 
was decarboxyla'ted very slowly if at all. 
5. Activation energies for the decarboxylation of both the 
undissociated malonic acid and the monovalent malonate 
ion were almost the same. 






1. Calcium Bulfate (Caso4•2u2o). Analytical grade~ meeta 
ACS specifications, Fisher Scientific Company, Fair Lawn, N. J. 
45 
2. Cobalt II Acetats (Co(c2u3o2>; 4H2o). Analytical grade, 
meets ACS 'pecificationa. Mallinckrodt Chemical Works, St. Louis, 
Missouri. 
3. Copper II Acetat! (Cu(C2EJ02) 2•H20). Analytical grade, 
meets ACS specifications. J. T. Baker Chemical Company, Phil• 
lipaburs, N. J. 
4. Copper II Sulfate (CuS04). Analytical grade, meets ACS 
specification. Matheson, Coleman, and Bell, Rutherford, N. J. 
s. Malonic Acid. Reagent grade, meets ACS specifications • 
. Matheson, Coleman, and Bell, Rutherford, N.J. 
6, Hickel Sulfate •• (NiS04·6H20). Analytical grade, meets 
ACS specifications. J. T. 14ker Chemical Company, Phillipsburg, 
7• Potassium Hydroxide (KOH). Analytical grade~ meets ACS 
specifications. Fisher Scientific Company, Fair Lawn, N. J. 
8. Potassium Sulfate. Granualted, analytical grade, meet• 
ACS specification. Mallinckrodt Chemical Works, St. Louis, Mo. 
9. Sodium Carbonate (Na~co3). Analytical grade, meets ACS 
specifications. MallinCkrodt Chemicat Works, St. Louis, Mo. 
10. Sodium Hydroxide (NaOH). Analytical grade, meets ACS 
specificationa. Fisher Scientific Company~ Fair Lawn, N. J. 
4G 
ll. Sulfuric Acid. Reagent grade, meets ACS specifications. 
Fisher Scientific Company, Fair Lawn, N. J. 
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APPENDIX B 
METHOD OF PROCEDURE 
\ A diagram of the apparatus is shown in Figure l. A descrip• 
tion of the experimental procedure used for thia iuve1tigation 
ia aa follows: 
The reaction flask B in.the constant temperature bath was 
rinsed four to five times with distilled water. The liquid was 
removed by suction with a pump. Three hundred.milliliters of the 
reaction solution, measured in a.lOO ml graduated cylinder, were 
placed into the reaction flask. ,.The gas burette waa filled with 
water which had been saturated with carbon dioxide. Ground-
glass fittings were lubricated. to.avoid leakage. All atop cocks 
were closed except Hand 1 •. The three-way stop cock I was open 
to the reaction vessel B, the gas burette E and the manometer F. 
The teflon-blade atirrer was started and heating commenced. When 
0 
the temperature of the constant temperature bath reached 5 C 
below the desired temperature, carbon dioxide was bubbled through 
the solution. In this manner, the reaction solution was saturated 
with carbon dixoide and air was removed from the system. As 
soon as the desired temperature was reached, bubbling of the gas 
0 
was stopped, atop cock H was turned 90 so that the reaction 
flask was connected to the gas burette K. At the same time, 
the electric timer was started. The volume of gaa evolved waa 
measured at different time intervals by the ~thod given below. 
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Hcnsuremcnt of the Evolved C'~i~bon Dio:<ide. The method ljSed 
for measuring the volume of gas in the reaction system has been 
described by Schubert {23). In brief, the volume of the gasiin 
the reaction vassal B expanded due to the reaction and was passed 
through the water-cooled condenser D where it \>Tas collected over 
water previously saturated with carbondioxide. The manometer 
level was frequently adjusted to keep the system at atrr~spheric 
pressure. At the instant, when a reading was to be recorded, 
stop cock I was closed to the reaction flask by turning it 90° 
clockwise. An amount of water was then run from the burette G 
so that the levels of water in the manometer F were the same. 
The volume of gas, temperature near the gas burette, tima, and 
barometric pressure were recorded. Stop cock I was then turned 





RATE OF DECARBOXYLATION OF 0.25 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.0 N H2so4) AT 79°C 
Time Vol C02 
Temp. Temp, Bar. 
buret bar. Press. 
.SPC . ml oc_ 
-- - . .. oc _ .. ____ mm He 
-- ·- -- -- I 
r: o.o o.o 
1800.0 3.4 25.6 20.2 738.2 
3600.0 9.6 25.4 20.5 73 7.8 
5400.0 15.9 25.5 21.0 738.3 
7200.0 22.4 25.6 21.0 737.9 
9000.0 28.5 25.6 21.0 737.9 
11000.0 35.2 25.4 20.5 739.1 
12625.0 40.7 25.4 20.5 738=7 
15300.0 49.6 25.2 20.2 738.2 
17100.0 55.3 25.0 20 .o 738.6 
19000.0 61.4 25.0 20.0 739.2 
20800.0 67.7 25.0 20 .o 739.6 
22600.0 73.4 25·.o. 20.0 739.6 
24500.0 79.6 25.0 20.0 - 739.2 
TABLE XII 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.0 N H2so4) AT 79°c* 





















9500.0 88. 8· 
10000 .o 92.2 










15500" .o 128.8 
16000.0 132.6 
16500 .o. 135.6 
17000.0 139.0 
Barometric pressure ~·732.8 mm Hg. 




* TABLE XIII 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID 
0 ** IN AQUEOUS SOLUTION (1.0 N H2so4) AT 79 C 
































Barometer pressure = 739.5 mm Hg 




RATE OF DECARBOXYLATION OF 0.75 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.0 N H2so4) AT 79°C 
Vol co2 
Temp. Temp. Bar. Time buret bar. press. 
sec ml oc oc mm Hg 
o.o o.o 24.8 
300.0 9.4 24.6 25.0 744.0 
600.0 15.4 24.8 2 5.0 744.0 
900.0 19.2 24.8 25.5 744.0 
1200.0 2 3. 2 24.9 25.5 744.0 
1500.0 26.2 24.9 25.5 744.0 
1800.0 29.6 24.9 25.5 744.0 
2100.0 33.0 24.9 25.5 744.0 
2400.0 36.0 25.0 2 5. 5 744.0 
2700.0 39.4 25.0 25.5 744.0 
3000.0 42.6 25.0 25.5 744.0 
33{)0.0 45.8 2 5.0 25.5 744.0 
3600.0 49.2 25.1 25.5 743.8 
3900.0 52.2 2 5. 1 25.5 743.8 
4200.0 55.8 25.1 25.5 743.8 
4500.0 59.0 25.0 25.5 743.9 
4800.0 62.0 25.0 2 5. 5 743.9 
5100.0 65.4 25.0 25.5 744.0 
5400.0 68.7 25.0 25.5 743.9 
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TABLE XV 
RATE OF DECARBOXYLATION OF 1.0 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.0 N H2so4) AT 79°C 
Time Vol co2 Temp. Temp. Bar. buret bar. press. 
sec ml oc oc nun Hg 
o.o 10.0 26.4 26.0 737.0 
900.0 21.4 26.5 26.0 737.0 
1800.0 33.6 26.6 26.0 737 .o 
2700.0 45.0 26.6 26.0 737.0 
3600.0 58.4 26.7 26.0 73 7 .o 
4500.0 72.6 26.4 26.0 736.4 
5400.0 85.9 26.4 26.0 736.4 
6300.0 98.8 26.5 25.9 736.3 
7200.0 111.4 26.6 26.0 736.8 
8100.0 124.9 26.6 26.0 736.8 
9000.0 137.8 26.6 26.0 736.8 
9900.0 150.9 26.4 26.0 736.8 
10300.0 163.6 26.4 2 5. 9 736.9 
11700.0 176.3 26.3 25.5 737.1 
·13500.0 201.6 26.2 25.0 737.2 
14400.0 214.6 26.1 25.0 737.4 
15300.0 227.1 26.0 2 5.0 73 7. 7 
16200 ;o ' 240 .o 26.2 25.0 737.7 
17100.0 252.8 26.4 24.9 73 7.9 
18000.0 265.5 26.3 25.0 737.6 
18900.0 278.1 26.2 25.0 73 7.6 
19800.0 291.0 26.1 25.0 737.7 
20700.0 30 3. 5' 26.2 24.8 738.0 
21600.0 316.1 26.2 24.8 737.8 
22500.0 328.8 26.0 24.8 73 7. 7 
2 3400 .o 341.4 26.0 24.9 737.6 
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TABLE XVI 
RATE OF DECARBOXYLATION OF 2.5 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.0 N H2so4) AT 79°C 
Time Vol C02 
Temp. Temp. Bar. 
buret bar. press. 
sec ml c c nun Hg 





500.0 18 .o 
600.0 21.5 
700.0 25.2 
800.0 29.4 24.3 
900.0 31.8 24.3 
1000.0 36.6 24.4 24.0 736.5 
i200.0 43.7 24.4 24.0 736.5 
1400.0 51.2 24.4 24.0 736.4 
1600 •. o 59.0 24.4 24.0 736.4 
1800.0 66.3 24.4 24.0 736.4 
2000.0 74.2 24.4 24.0 736.2 
2200.0 82.2 24.6 
2400.0 89.4 24.4 24.2 736.4 
2oOO.O 96.2 
2810.0 104.2 . 24.4 24.4 736.3 
3·ooo .o 111.5 24.4 
3200.0 118.8 24.4 24.1 736.4 
3410.0 127.2 24.4 
3600.0 134.5 24.5 24.2 736.4 
3805.0 142.4 24.4 
40op.o 149.5 24.4 24.3 736.2 
4500.0 167.6 24.4 24.3 736.2 
5000.0 186.6 24.4 24.4 736.4 
55GO.O 205~0 24.4 24.3 736.4 
6000.0 219.9 ' 24.4 24.2 736.2 
6510.0 242.2 24.4 24.4 736.1 
7000.0 261. 1 ·24.4. 24.3 736.0 
7500.0 280.2 2.4.6 24.4 736.1 
8000.0 298.7 2Lt.6 24.5 736.1 
8500.0 317.5 24.6 24.5 736.2 
9000.0 . 336.4 24.6 24.5 736.2 
9500.0 354.6 24.8 24.5 736 •. 2 




RATE OF DECARBOXYLATION OF 0.25 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.5 pH) AT 79°C 
Time Vol C02 
Temp. Temp. Bar. 
buret bar . . l1ress. 
sec ml oc oc mm Hg 
o.o o.o 24.0 
300.0 4.8 24.0 22.0 732.2 
600.0 8.6 24.0 22.0 732.2 
900.0 11.8 24.0 22.0 732 .o 
1200.0 13.0 24.0 22.0 732.1 
1800.0 15.2 · 24.Q 22.0 732.0 
2400.0 17 .4· 24.0 22.0 732.0 
3000.0 19.4 24.0 22.0 731.8 
· 3300.0 20.4 24.1 22.0 731.8 
3600.0 21.6 24.2 22.0 731.8 
·39QO .0 22.6 . 24.2 22.0 731.8 
4200.0 23.8 24.5 22.0 731.6 
4300 .. 0 25.8 24.3 22.5 731.7 
5400.0 27.8 24.4 23.0 731.9 
6000.0 29.8 24.4 23.0 731.7 
6600. o. 31.8 24.4 23.0 731. 7 · 
7200 :o 33.8 24.4 23.0 731.7 
7800 .o . 35.8 24.4 23.0 731. T 
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TABLE XVIII 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID 
IN AQUEOUS SOLUTION (1. 5 pH) AT 79°C 
Time Vol C02 
Temp. Temp. Bar. 
buret bar. press. 
sec ml oc oc mm Hg 
o.o o.o 
300.0 6.6 24.7 25.0 734.6 
6oo .o· 10.6 . 24.7 25.0 734.6 
900.0 13.5 24.8 25.0 734.6 
1200.0 15.8 24.8 25.0 734.6 
1500.0 18.1 24.9 25.0 734.6 
1800.0 20.4 24~9 25.0 734.6 
2100.0 22.4 25.0 25.0 734.6 
2t~oo .o 24.8 25.0 25.0 734·6 
2700.0 26.8 25·1 25·0 734.6 
3000.0 29.4" 25.2 2;.5 734·6 
3300.0 31.6 25.1 26.0 734.7 
3600.0 33.4 25.1 26.0 734.7 
3900.0 35.6 25.1 26.0 734.6 
4200.0 37.6 25.2 26.0 734.6 
4500.0 40.0 25.2 26.0 734.6 
4800.0 42.0 25.2 26.0 734.6 
5100.0 44.0 25.2 26.0 734.6 
5400.0 46.2 25.2 26.0 734.5 
5700.0 48.4 25.3 '26.0 734.5 
6000.0 50.4 25.3 26.0 734.5 
6300.0 52.4 25.2 26.0 734.6 
6600.0 54.4 25.3 26.0 734.6 
6900.0 56.6 25.3. 26.0 734.6 
7200.0 58.8 25.3 26.0 734.6 
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TABLE XIX 
RATE OF DECARBOXYLATION OF 0.75 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.5 pH) AT 79°C 
Time Vol co2 
Temp. Temp. Bar. 
buret bar. press. 
sec ml oc 0 c mm Hg 
0 .0 · o.o 26.6 2 7.0 736.0 
300.0 5.8 26.6 27 .o . 736.0 
600.0 11.4 26.8 27.0 736.0 
900.0 15.8 26.8 27.0 736.0 
12JO.O 19.6 26.9 27.0 735.7 
1500.0 22.8 27.0 27.0 735.8 
1800.0 26.0 27 .o 2 7.0 735.7 
2100.0 29.6 27. 1 Z7.0 735.7 
2400.0 32.8 2 7.1 27.0 735.7 
2700.0 35.8 27.1 27.0 735.7 
3000.0 39.4 27.2 2·7 .o 735.9 
3300.0 42.6 27.2 27 .o 735.9 
3600.0 45.8 27.2 2 7.0 735.8 
3900.0 49.0 27.2· 27.0 735.8 
4200.0 52.4 2 7.2 2 7.0 736.0 
4500.0 55.4 27.2 21·0 736.0 
4800.0 58.4 27.2 2 7.0 736.0 
5100.0 61.6 27.2 27.0 736.0 
.5400 .o 64.6 27.2 2 7.0 736.0 
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TABLE XX 
RATE OF DECARBOXYLATION OF 1,0 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.5 pH) AT 79°C 
Time Vol C02 
Temp. Temp. Bar. 
buret bar. press. 
sec ml c c nun Hg 
o.o 0.1 23.4 
300.0 2.4 23.4 24.0 738.1 
600.0 5.4 23.5 24.0 738.1 
900.0 8.6 23.5 24.0 738.1 
1200.0 12.0 23.6 24.0 738.0 
1500.0 15.6 23.6 24.0 73 7. 9 
1800.0 19 .o .. 23.6 24.0 737.9 
2100.0 23.6 23.7 24.0 738.0 
2l~OO .0 27.4 23.7 24.0 737.9 
2700.0 32.2 23.7 24.0 737.8 
3000.0 36.4 23.7 24.0 737.6 
3300.0 41.0 23.8 24.0 737.4 
3600.0 45.2 23.8 24.0 737.5 
3900.0 49.6 23.8 24.0 737.4 
4200.0 54.4 24.0 24.0 737.4 
4500.0 58.8 24.0 24.0 737.3 
4800.0 63.1 24.0 24.0 737.3 
5100.0 67.6 24.0 24.0 737.3 
5400 .o 72.2 24;.0 24.0 737.2 
5700.0 76.6 24.0 24.0 737.2 
6000.0 81.0 24.1 24.0 737.3 
6300.0 85.2 24.1 24.0 737.2 
6600.0 89.6 24.1 24.0 737.1 
6900.0 94.0 23.9 24.0 737.0 
7200.0 98.4 24.0 24.0 737.0 
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TABLE XXI 
RATE OF DECARBOXYLATION OF 0.25 M MALONIC ACID 
IN AQUEOUS SOLUTION (2.46 pH) AT 79°C 
Time Vol C02 
Temp. Temp, Bar, 
buret bar. press, 
sec ml oc oc mm Hg 
o.o o.o 23.2 24.0 743.0 
600.0 3.7 23.2 24.0 743.0 
900.0 4.8 23.2 24.0 743.0 
1200.0 5.8 23.4 24.0 743.0 
1800.0 7.4 23.4 24.0 743.0 
2400.0 9.2 23.2 24.0 743.0 
3000.0 10.6 23.1 24.0 743.0 
3600.0 12.2 23.1 24.0 743.0 
4200.0 14.0 23. 1 23.0 743.0 
4800.0 16.0 23.2 23.0 743.1 
54.00 .o 17.8 23.2 23.0 743.1 
6000.0 19.6 23.2 23.0 743.2 
6600.0 21.3 23.1 23.0 743.1 
7200.0 23.2 23.2 23.0 743.2 
7800.0 25.2 23.3 23.0 743.1 
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TABLE XXII 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID 
IN AQUEOUS SOLUTION (2.46 pH) AT 79°C 
Time Vol co2 
Temp. Temp. Bar. 
buret bar. press. 
sec ml oc c mm Hg 
o.o o.o 26.4 
300.0 7.6 26.4 28.0 742.0 
600.0 11.8 26.5 28.0 742.0 
900.0 15.0 26.6 28.0 742.0 
12GC.O 16.6 26.5 28.0 742.0 
1500.0 19.6 26.5 28.0 742.0 
1800.0 21.4 26.5 28.0 742.0 
2100.0 23.4 26.6 2 8.0 742.0 
2400.0 25.0 26.4 ~8.0 742.0 
2700.0 26.8 26.4 2c~o· 742.0' 
3000.0 28.7 "2"6.; 4" . 28 .o 742.0 
3300.0 30.4 26.4 28.0 742.0 
3oOO.O 32.2 26.2 28.0 742.0 
3900.0 34.0 26.3 28.0 742.0 
4200.0 36.0 26.4 28.0 742.0 
4500.0 38.0 26.4 2 8.o 742.0 
4800.0 39.6 26.4 28.0 742.0 
5100.0 41.2 26.4 28.0 7i.r2 .0 
5400.0 43.0 26·4 28·0 742.0 
57op.o 45.0 26.4 28.0 742.0 
6000.0 46.8 26.4 28.0 742.0 
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TABLE XXIII 
RATE OF DECARBOXYLATION OF 0.75 M MALONIC ACID 
IN AQUEOUS SOLUTION (2.46 pH) AT 79°C 
Time Vol co2 
Temp. Temp. Bar. 
buret bar. press. 
sec ml oc oc mm Hg 
o.o o.o 26.6 27.0 734.4 
300.0 6.2 26.6 27 .o 734.4 
600.0 9.6 26.6 27.0 734.4 
900.0 12.8 26.7 2 7 .o 734.2 
1200.0 16.0 26.7 27.0 734.2 
1500.0 18.8 26.8 2 7 .o 734.2 
1800.0 21.8 26.8 27.0 734.2 
2100.0 24.6 26.8 'Z1.0 734.2 
2400.0 27.2 26·8 27.0 734.2 
2700.0 30.2 26.9 27 .o 734.2 
3000.0 33.4 27.0 27.0 734.2 
33'00 .o 36.0 2 7 .o 2 7 .o 734·2 
3600.0 39 .o 27.0 27.0 734.2 
~900.0 41.8 27 .o 2 7.0 734·2 
4200.0 44.6 27.0 27.0 734.2 
4500.0 47.4 27 .o 27.0 734.2 
4800.0 50.4 27.0 27.0 734.2 
5100 .o 53.2 27 .o 27.0 734.2 
5400.0 56.0 27.0 27.0 734.2 
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TABLE XXIV 
RATE OF DECARBOXYLATION OF 1.0 M MALONIC ACID 
IN AQUEOUS SOLUTION (2.46 pH) AT 79°C 
Time Vol C02 . 
Temp. Temp. Bar. 
buret bar. press. 
sec ml oc oc mm Hg 
o.o 0.1 25.4 26.0 737.2 








900.0 17.8 25.4 
1000.0 19.4 25.5 
1200.0 22.0 25.5 26.0 737.2 
1500.0 26.2 25.6 .. 26.0 737.1 
1800.0 29.9 25.6 26.0 737.2 
2100.0 33.2 25.7 26.0 73 7.1 
2400.0 36.8 2 5. 8 26.0 73 7.2 
2700.0 41.1 25.9 26.0 73 7.1 
3000.0 44.4 25.8 26.2 737.2 
. 3306 .o 48.3 25.8 2 6. 5 73 7.1 
3600.0 5Lr • 8 27.0 27 .o 73 7.1 
3900.0 59.8 28.0 2 8.0 73 7. 3 
4200.0 64.4 28.4 28.5 73 7.3 
4500.0 68.5 28.8 29.0 73 7.3 
4800.0 72.2 29.0 29.5 73 7.4 . 
5100.0 76.8 29.3 2 9. 8 73 7.4 
5400 •. o 81.2 . 29.5 30.0 737.4 
5720.0 86.9 29.6 30.0 73 7.4 
6000.0 89.6 29.8 30.0 737.4 
6300.0 93.7 30.0 30.0 73 7.4 
6600.0 97.6 30.0 30.0 737.4 
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TABLE X'A'V 
RATE OF DECARBOXYLATION OF 0.50 M Y~ONIC ACID 
IN AQUEOUS SOLUTION (1.0 N H2so4) AT 70°C 
Time- Vol C02 
Temp. Temp. Bar. 
buret bar. press. 
sec ml c c mm Hg 
o.o 0.2 27.8 27.0 736.8 
105.0 2.2 2 7.8 
200.0 4.8 
300.0 7.2 
LrOO. 0 9.6 
500.0 11.2 
600.0 13.0 27.8 
700.0 l "~· l 2 7.8 
800.0 15.2 27.9 
900.0 17.2 27.9 
1500 .o 19.6 27.9 27 .o 737.0 
2250.0 22.0 28.0 2 7 .o 737.1 
2700.0 23.3 28.0 27 .o 737.2 
3300.0 24.8 28.0 2 7 .o 73 7.4 
3900.0 26.3 28.2 2 7. 5 737.4 
4500.0 27.6 28.2 2 7.5 73 7.4 
5100.0 29.2 28.2 27.8 737.2 
570:J.O 30.4 28.3 2 7. 8 73 7.2 
q300.0 31.7 28.4 28.0 73 7.1 
· 6900.0 33.1 28.4 28.0 73 7.1 
750C.;O 34.3 28.4 28.0 736.8 
. 8100.0 . 35.4 28.4 28.0 73 7 .o 
8750.0 37.3 28.4 28.0 737.0 
9300.0 38.3 28.4 2 a.o 73 7 .o 
9900.0 39.8 28.5 28.0 737 .o 
10500.0 41.0 28.6 2 a.o 737.0 
11100.0 42.5 28.7 28.5 737.1 
11700.0 43.5 28.8 2 a. 8 73 7.2 
12300.0 44.8 28.8 28.5 737.2 
12900.0 46.0 28.7 28.4 737 .o 
13500.0 47.4 28.6 28.0 737.1 
14100.0 48.8 28.6 28.0 737.2 
14700.0 50 .o 28.7 28.2 737.1 
153·~ . <' :) 51.5 '28.8 28.5 737.1 
15900.0 53.0 28.8 28.5 737.1 
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TABLE XXVI 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.0 N H2so4) AT 75°C 
Time Vol C02 Temp. Temp. 
Bar, 
buret bar. press. 
sec ml oc oc mm Hg 
o.o 0.4 24.8 24.0 738.1 
100.0 2.6 
200.0 4.2 25.2 
300.0 7.4 25.2 
L~OO. 0 9.4 25.2 
500.0 11.9 25.2 
610.0 12.8 25.2 
725.0 14.0 
800.0 14.4 25.3 
'JOO.O 15.8 25.4 24.5 738.4 
1200.0 17.4 25.4 24.5 738.4 
1800.0 20.8 25 .. 2 . 24.8 738.4 
2400.0 23.8 25.4 24.8 738.4 
3000.0 26.4 2"5. 7 24.8 738.4 
3600.0 28.6 25.8 24.9 738.4 .. 
4250.-0 31.1 25.7 25.0 738.5 
4800.0 33.7 26.0 25.0 738.4 
5400.0 36.1 25.9 25.0 738.3 
60 10.0 38.7 25.9 25.0 738.4 
6600.0 41.0 26.0 2 5.0 738.3 
7200.0 43.6 26.0 25.0 738.2 
7800.0 46.0 26.2 25.0 737.9 
8400 .o 48.4 26.1 2·5.o . 738.1. 
9000.0 51.0 26.1 25.2 738.·2 
9600.0 53.6 26.0 25.2 738.2 
10200.0 56.0 26.1 2 5.5 738.2 
10800;,0 58.4 26.2 25.5 738.1 
11400.0 60•9 26.2 25.5 738.0 
12000.0. 63.6 26.1 25·2 738.0 
12600 .. 0 66.2 26.2 25.2 738.1 
13200.0 68.6 26.2 25.3 738.4 
13800.0 .70.9 26.2 25.2 738.5 
14400.0 73.6 26.3 ·2s. 2 738.5 
15000.0 76.2 26.4 25.5 738.4 
15600.0 78.8 26.4 25.5 738.4 
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TABLE XXVII 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID 
IN AQUEOUS SOLUTION (l.O N H2so4) AT 85°C 
Time Vol C02 
Temp, Temp. Bar. 
buret bar. press. 
sec ml c c mm Hg 









900.0 25.4 26.6 
1200.0 30.4 26.6 2 5.0 733.2 
1500.0 35.2 26.5 25.0 733.1 
1800.0 40.3 26.5 2 5.0 733.1 
2100 .. 0 44.9 26.4 25.0 733.0 
2L;-l0.0 49.6 26.5 2 5.0 733.1 
2700.0 53.9 26·4 25.0 733.1 
3000.0 58.4 26.5 2 5.0 733.2 
3300.0 63.0 26.6 25.0 733.2 
3600.0 67.6 26.6 25.0 733.2 
3900.0 71.8 26.5 25.0 733.2 
42'00 .o 76.4 26.4 2 5.0 733.3 
4525.0 81.1 26.4 25.0 733.3 
L;-800 .0 85.0 26.4 2 5.0 733 .• 2 . 
5100.0 89.6 26.5 25.0 733.2 
5L;-00 .0 94.0 26.4 25.0 733.2 
5700.0 98.6 26.4 25.0 733.2 
6000.0 103.2 26.3 25.0 733.3 
6300.0 107.4 26.2 24.9 733.4 
7200.0 121.1 26.3 2 5.0 733.2 
7500.0 125.7 26.2 25.0 733.2 
7800.0 130.1 26.2 2 5.0 733.2 
8100.0 134.6 26.3 25.0 733.2 
8400.0 139.0 26.2 25.0 733.3 
8700.0 143.6 26.2 25.0 733.2 
9010.0 148.4 26.2 25.0 733.2 
9300.0 152.4 26.2 25.0 733.2 




RATE OF DECARBOXYLATION OF 0.50 M MALONIC -ACID 
IN AQUEOUS SOLUTION (1.0 N H2so4) AT 90°C 
Time Vol C02 
Temp. Temp. Bar. 
buret bar. press. 
sec ml c oc mm Hg 
o.o 0.3 
100.0 6.0 
200.0 10.3 . 25.2 
310 .o 14.8 
400.0 18.0 
500.0 21.6 




1200.0 41.0 25.2 737.6 
1300.0 44.1 
1400.0 46.8 
1600.0 51.8 25.4 
1800.0 57.2 25.4 24.5 737.6 
2100.0 65.2 25.4 24.5 737.6 
2Lr00.0 72.8 25.5 24.5 73 7.4 
2700.0 80.0 25.4 24.6 73 7. 5 
3000.0 87.9 25.4 24.7 73 7.6 
3300.0 95.7 25.4 24.8 737.3 
•3700.0 105.5 25.6 24.8 737.4 
3900 .o 110.3 25.5 
4200.0 118.3 25.5 25.0 737.2 
4500.6 126.1 25.5 25.0 737.4 
4800.0 132.9 25.8 25.0 73 7.2 
5100.0 140.8 25.8 25.0 737.2 
5400.0 147.7 25.8 2 5.0 737.2 
5700.0 155.7 25.8 25.0 737.2 
6000.0 163.5 25.6 2 5.0 737.3 
6300.0 170.9 25.7 25.0 737.2 
6600.0 178.3 25.8 2 5.0 737.2 
6900.0 18 5. 9 2 5. 8 25.0 737.2 
7200.0 193.3 25.9 25.0 73 7.2 
7500.0 200.7 25.7 25.0 737.2 
7800.0 207.8 25.8 2 5.0 737.6 
8100.0 :2 l5.2 25.8 25.0 737.9 
8400.0 222.8 25.8 2 5.0 738.0 
8710 .o 230.5 26.0 25.0 738.1 
67 
TABLE XXIX 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.5 pH) AT 70°C 
Time Vol C02 
Temp. Temp. Bar. 
buret bar. press. 
sec ml oc oc mm Hg 
o.o o.o 
600.0 5.8 24·8 24.5 734.6 
900.0 7.0 24.8 
1200.0 7.8 24.8 24.0 734.4 
1800.0 8.8 24.8 24.0 734.5 
2400.0 10.0 24.8 24.0 734.4 
3000.0 11.3 24.7 24.0 734.4 
3600.0 12.4 24.6 24.0 734.4 
4200.0 13.8 24.6 24.0 734.2 
sooo.o 15.6 24.6 24.0 734.2 
5400.0 16.4 24.6 24.0 734.2 
60'00. 0 17.6 24.6 24.0 734.2 
6600.0 18.9 24.5 24.0 734.0 
7200.0 20.2 24.4 23.5 733.6 
7800.0 21.6 24.4 23.5 733.6 
8400.0 22.8 24.4 23.5 733.6 
9000.0 24.0 24.4 23.5 733.7 
9600.0 25.2 24.4 23.5 733.7 
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TABLE XXX 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.5 pH) AT 90°C 
Time Vol C02 
Temp. Temp. Bar. 
buret bar. press. 
sec ml oc oc nun Hg 
o.o o.o 23.8 
300.0 10.0 24.0 22.0 73 7.3 
600.0 18.8 23.4 22.0 737.3 
900.0 26.8 23.4 22.0 73 7.3 
1200.0 34.8 23.4 23.5 737.4 
1500.0 42.4 23.4 23.5 73 7.4 
1800.0 49.6 23.4 23.5 737.3 
2100.0 57.0 23.6 23.5 737.4 
2400.0 64.6 23.5 ~4.0 737.4 
2700.0 72.0 23.6 24.0 737.4 
3000.0 79.6 23.8 24.0 737.4 
3300.0 86.2 23.5 24.0 73 7.4 
3bOO.O 94.2 23.8 24.0 737.4 
3900.0 101.6 23.8 24.0 73 7.4 
.4200 .o 108 .a 23.o8 24.0 737.4 
4500.0 116.2 23.8 24.0 73 7.4 
4800.0 123.4 23.8 24.0 737.3 
5100.0 130.8 24.0 24.0 737.3 
5400.0 137.9 24.0 24.0 737.2 
5700.0 145.0 24.0 24.0 73 7.2 
6000.0 152.2 . 24.0 24.0 737.2 
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TABLE XXXI 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID 
IN AQUEOUS SOLUTION (2.46 pH) AT 70°C 
Time Vol C02 
Temp. Temp. Bar. 
buret bar. press. 
sec ml oc oc nun Hg 
o.o o.o 23.8 2 5.0 744.1 
600.0 6.2 23.8 25.0 744.2 
900.0 7.2 23.8 25.0 744.2 
1200.0 8.6 23.8 25.0 744.0 
18 00.0 9.8 23.9 2 5.0 743.8 
2400.0 10.8 24.0 25.0 743.6 
3300.0 13.0 24.0 t5.0 743.4 
3600.0 13.6 24.0 25.0 743.4 
4200.0 14.8 24.1 25.0 743.0 
4800.0 15.8 24.1 25.0 743.0 
54'00.0 16·.8 24.0 25.0 743.0 
6000.0 17.8 24.0 25.0 743.0 
6600.0 19.0 24.0 25.0 742.8 
7200.0 20.0 24.0 25.0 742.8 
7800.0 21.2 24.2 25.0 742.6 
8400 .o 22.2 24.2 25.0 742.0 
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TABLE XXXII 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID 
IN AQUEOUS SOLUTION (2.46 pH) AT 90°C 
Time Vol co2 
Temp. Temp. Bar. 
buret bar . press. 
sec ml oc 0 c nun Hg 
o.o o.o 
900.0 25.0 25.0 24.0 738.0 
1200.0 33.8 25.2 24.0 738.0 
1500.0 40.4 25.2 24.0 737.8 
1800.0 48.4 25.3 24.5 737.6 
2100.0 54.8 25.4 24.5 737.6 
2400.0 61.4 25.4 24.5 737.7 
2700.0 68.4 25.5 24:5 737.7 
3000.0 74.8 25.5 24.5 73 7.6 
3300.0 81.2 25.6 24.5 . 737.6 
3600.0 87.4 25.8 . 2 5.0 737.6 
3900-.0 93.8 25.8 25.0 737.6 
4200.0 100.2 25.8 24.5 737.6 
4500.0 106.6 25.8 24.5 737.6 
4800.0 li2.8 25.6 24.5 737.4 
5100.0 119.2 25.4 24.5 737.4 
5400.0 125.4 25.2 24.5 737.4 
5700.0 131.8 25.4 24.5 737.4 
6000.0 138.4 25.4 24.5 737.4 
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TABLE XXXIII 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID IN AQUEOUS SOLUTION 
(1 N H2so4) WITHOUT PRIOR SATURATION WITH C02 AT 79°C 
Time Vol co2 
Temp. Temp. Bar. 
buret bar. press. 
ml 0 sec c oc mm Hg 
,.. ,.. 
v.v v.u 
400.0 8.6 24.0 
1000.0 23.2 24.0 24.0 738.0 
2150.0 56.5 24.0 25.0 738.1 
2500.0 66.8 24.0 25.0 738.0 
2800.0 76.1 23.8 
3000.0 82.5 · 23.8 
3100.0 86.1 23.8 
3320.0 93.5 23.8 
3600 .o 103.0 23.8 25.0 737.9 
3900.0 113.1 23.8 
4165.0 121.5 23.8 
4300.0 127.0 23.8 
4400.0 128.3 23.8 
4600.0 130.6 23.8 25.0 737.7 
4800.0 132.3 23.8 
5000.0 135.4 23.0 
5065.0 135.8 23.0 28.0 . 737.4 
5365;0 137.8 23.0 2 7. 5 737 .o 
5665.0 139.6 23.0 27.5 737.2 
5965.0 141.4 23~0 .. 2 7.0 737 .o 
6265.0 143.2 23.0 27 .o 736~9 
6565.0 245.0 22.9 2 7.0 736.9 
6865.0 146.7 22.8 27.5 736 .a · 
7165.0 148.6 22.8 2 7. 5 736.7 
7465.0 150.6 22.8 27 .o 736.7 
7765.0 152.4 22.8 2 7.3 736.7 
8065.0 153.2 22.9 27.3 736.7 
8365.0 155.2 22.9 2 7.3 736.7 
8665.0 157.2 22.9 27.0 736.7 
8965.0 159.0 22.9 27 .o 736.6 
9265.0 160.8 22.8 27.0 736.5 
9565.0 162.7 22.8 27.0 736.5 
9865.0 164.5 22.8 27.0 736.6 
10 165 .o 166.2 22.7 27.0 736.4 
TABLE XXXIV 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.0 N H2so4) WITH 
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RATE OF DECARBOXYLATION OF 0. 50 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.0 N H2so4) WITH 
ADDITION OF 0 .os N NICKEL SULFATE AT 79°C 
Time Vol C02 
Temp. Temp. Bar. 
buret bar. press. 
sec ml oc oc mm Hg 
o.o o.o 
300.0 5.2 22.0 21.5 734.0 
600.0 s.8 22.1 22.0 734.1 
900.0 11.4 22.1 22.0 734.1 
1200~0 14 .. 0 22.2 22.0 734.1 
1800.0 18.2 22.2 22.0 734.0 
2100.0 20.4 22.3 22.0 734.0 
2400.0 22.6 22.4 22.0 734.0 
27 00 .. o 24.8 22.3 22.0 734.0 
3000.0 27.0 22.4 22.0 734.0 
3300.0 29.0 22.4 22.0 734.0 
3600.0 31.2 22.4 22.0 734.0 
3<Joo.o 34.4 . . . 22.4 22.0 734.0 
4200.0 35.6 · 22.4 22.0 734.0 
4500.0 37.8 22.4 22.0 734.0 
4800.0 40.2 22.4 22.0 734.0 
5100.0 L~2. 6 22.4 22.0 734.0 
5400.0 44.6 22.4 22.0 733.8 
{)000 .o 48.6 22.4 22.0 733.8 
6300.0 50.6 22.6 22.0 733.8 
6600.0 53.0 22.6 22.0 733.8 
6900.0 55.0 
' 
22.6 22.0 733.8 
7200.0 57.0 22.6· 22.0 733.8 
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TABLE XXXVI 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.0 N H2so4) WITH 
ADDITION OF 0.01 N COBALT ACETATE AT 79°C 
Vol co2 
Temp. Temp. Bar. Time buret ·bar. press. 
sec ml oc oc nnn Hg 
o.o o.o 26.5 
300.0 6.0 26.5 26.0 736.8 
600.0 9.8 26.6 26.0 736.8 
900.0 12.2 26.2 26.0 736.8 
1200 .o· 14.4 23.6 26.0 736.8 
1500 .o 17.0 23.2 26.0 736.8 
1800.0 19.0 23.0 26.0 736.8 
2100.0 21.0 22.8 25.5 736.5 
2400.0 22.8 22.8 25.5 736.5 
2700.0 25.0 22.5 25.5 736.5 
3000.0 27.0 22.5 25.0 736.2 
3300.0 28.8 22.4 25.0 736.2 
3600.0 30.8 22.3 25.0 736.2 
3900 .·o 32.8 22.3 25.0 736.1 
4200.0 34.8 22.3 25.0 736.0 
4500.0 36.8 22.3 24.5 736.0 
.craoo .o 38.8 22.3 24.5 736.0 
51CO.O 41.0 22.0 25.0 736.0 
5400.0 43.0 22.0 2 5.0 736.0 
57CO.O 45.0 22.0 25.0 736.0 
6000.0 47.2 22.0 25.0 736.0 
6300.0 49.2 22.0 25.0 736.0 
6600.0 51.2 22.0 25.0 735.7 
6900 ... 0 53.4 22 .. 0 25.0 735.7 
7200.0 56.4- 22.0 25.0 735 .• 7 
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TABLE XXXVII 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.0 N H2so4) WITH 
ADDITION OF 0.05 N COBALT ACETATE AT 79°C 
Time Vol C02 
Temp. Temp. Bar. 
buret bar. press. 
sec ml oc oc rom Hg 
o.o o.o 23.0 24.5 733.6 
105.0 2.7 23.2 
200.0 4.6 23.2 
300.0 7.0 23.4 
400.0 9.2 23.2 
605.0 12.2 23.2 
720.0 13.7 
soo.o 14.4 23.3 
900.0 15.6 23.3 
1200.0 18.2 23.4 24.5 733.6 
1500 .o 21.0 23.4 24.5 733.6 
1800.0 23.4 23.4 24.5 733.6 
2100.0 25.8 23.4 24.5 733.6 
2400.0 27.8 23.4 24.5 733·6 
2700.0 30.4 23.4 24.5 733.6 
3000.0 32.6 23.4 24.5 733.6 
3300 .o 34.6 23.6 24.5 733.6 
3600.0 36".8 23.6 24.5 733.6 
3900.0 39.0 23.6 24.5 733.6 
4200.0 41.0 2·3.6 24.5 733.6 
4500.0 43.4 23.6 24.5 733.6 
4800.0 45.6 2 3.8 24.5 733.6 
5100.0 47.8 23.7 24.5 733.6 
5400.0 49.8 2 3.8 25.0 733.6 
5700.0 . 52.0 23.8 ' 25.0 733.6 
6000.0 54.6 23.9 2 5.0 733.6 
6300.0 56.4 23.8 25.0 733.6 
6600.0 58.5 23.8 2 5.0 733.4 
6900.0 60.6 23.8 24.5 733.5 
7200.0 63.0 23.8 25.0 733.4 
TABLE XXXVIII 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.0 N H2so4) WITH 
ADDITION OF 0.01 N CALCIUM SULFATE AT 79°C 
Time Vol co2 
Temp. Temp. Bar. 
buret bar. press. 
sec ml oc oc mm Hg 
o.o 0.2 25.0 2 7 .o 739.4 
300.0 5.7 25.1 27 .o 739.4 
600.0 9.2 25.1 2 7 .o 739.4 
900.0 11.8 25. 1 27.0 739.4 
1250.0 14.3 25.1 2 7 .o 739.3 
1500.0 16.2 25. 1 27.0 739.3 
1800.0 18.4 25.1 2 7.0 739.4 
2150.0 20.7 25.0 27 .o 739.3 
2400.0 22.0 25.1 27.0 739.4 
3000.0 26.2 25.2 27.0 739,;2 
3600.0 30.2 25.3 27.0 739.3 
39oo-.o 31.4 25.2 27.5 739.3 
4200.0 33.4 25.2 27.0 739.3 
4500.0 35.0 25.2 27.5 739.3 
5100.0 38.0 25.2 2 7. 5 739.2 
5400.0 39.6 25.2 27.5 739.2 
5700.0 41.4 25.2 2 7.5 739.2 
6000.0 43.4 25.2 27.0 739.2 
6300.0 45.4 25.2 2 7 .o 739.2 
6600.0 47.4 25.2 27.0 739.3 
6900.0 49.3 25.2 27.0 739.3 
7200 .o. 51.2 25.2 27.0 739.2 
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TABLE XXXIX 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.0 N H2so4) WITH 
ADDITION OF 0.05 N CALCIUM SULFATE AT 79°C 
Time Vol C02 
Temp. Temp. Bar. 
buret bar. press. 
sec ml oc oc mm Hg 
o.o o.o 22.0 
300.0 5.2 22.0 24.0 732.2 
600.0 9.3 22.0 24.0 732.2 
900.0 12.1 22.2 24.0 732.2 
1200.0 14.7 22.2 24.0 732.1 
1500.0 17.2 22.2 24.0 732.0 
1800.0 19.2 22.5 24.0 732.1 
2100.0 21.2 22.4 24.0 732.1 
2400.0 2 3. 2 22.5 24.0 732·1 
2700.0 25.4 22.5 . 24.0 732.1 
3000.0 27.4 22.5 24.0 732.1 
3300.0 29.6 22.4 24.0 732.1 
3600.0 32.0 22.4 24.0 732.1 
3900.0 3.4.0 22.4 24.0 732.1 
4200.0 36.2 22.4 24.0 732.1 
4500.0 38.2 22.5 24.0 732 .o 
4800.0 40.4 22.6 24.0 732.0 
5400 .o 44.8 22.2 24.0 732.0 
5700.0 47.2 22.4 24.0 732.0 
60 00.0 49.2 22.2 24.0 732.0 
6300.0 51.3 22.2 24.0 732.1 
6600 .o 53.4 22.4 24.0 732.1 
6900.0 55.6 22.4 24.0 732.1 
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TABLE XL 
RATE OF D~CARBOXYLATION OF 0.50 M MALONIC ACID. 
IN AQUEOUS SOLUTION (1,0 N H2so4) WITH 
ADDITION OF 0 0.01 N COPPER ACETATE AT 79 C 
Time Vol C02 
Temp. Temp, Bar. 
buret bar, press. 
sec ml oc oc nun Hg 
o.o o.o 26.4 
lJO.O 2.6 26.4 
200.0 4.8 26.5 
400.0 8.4 26.5 
500.0 10.0 26.5 
600.0 11.4 ~6.5 
700.0 12.5 26.5 
800.0 13.4 26.5 
900.0 14.3 26.5 
1000.0 15.3 26.5 736.0 
1200.0 16.9 26.6 27.0 
1500.0 18.5 735.8 
1800.0 20.6 25.2 27.0 735.8 
2100.0 22.8 25.2 ~7.0 735.8 
3000.0 29.4 25.3 2 7 .o 735.8 
3300.0 31.6 25.4 27 .o 735.7 
3600.0 33.8 25.4 27.0 735.6 
3900.0 35.4 25.4 27 .o 735.6 
4200.0 37.8 25.3 27.0 735.6 
4505.0 40.0 25.3 27.0 735.6 
4800.0 42.4 25.3 2 7 .o 735.6 
s::.oo.o 44.6 25.3 27.0 735.6 
5400.0 46.8 25.. 3 2 7 .o 735.4 
5700.0 48.0 25.2 27.0 735.4 
6000.0 50.3 25.2 27.0 735.4 
6300.0 52.2 25~2 27.0 735.2 
6600.0 54.6 25.2 27.0 735.2 
6900.0 57.2 25~2 27.0 735.2 
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TABLE XLI 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.0 N H2so4) WITH 
ADDITION OF 0.05 N COPPER ACETATE AT 79°C 
Time Vol C02 
Temp. Temp. Bar. 
buret bar. press. 
sec ml oc oc mm Hg 
o.o o.o 
200.0 4.8 23.8 19.0 735.6 
400.0 8.9 23.6 19.0 735.6 
600.0 12.0 23.6 19.0 735.4 
800.0 14.4 23.6 19.0 735.4 
900.0 15.4 23.6 19.0 
1200.0 18.3 23.6 19.0 735.4 
1500.0 20.6 23.6 19.0 735 .. 4 
1800.0 23.2 23.6 19.0 735.4 
2100.0 25.3 23.6 19.0 735.4 
2400.0 27.4 . 23.6 19.0 735.3 
2700.0 29.8 23.6 19.0 735.3 
• 3000.0 32.0 23.7 19.0 735.3 
3350.0 34.4 23.7 19.0 735.3 
3600.0 36.4 23.7 19.0 735.3 
3900.0 38.5 23.7 19.0 735.2 
4200.0 40.3 23.7 19.0 735.2 
4500.0 42.6 23.7 19.0 735·2 
4800.0 45.0 23.7 19·0 735.2 
5100 .. 0 47.2 23.7 19.0 735.2 
5400 .o 49.4 23.7: 19.0 735.2 
5700.0 51.6 23.7 ·· 19.0 735.2 
6000.0 53.6 23.8 '19.0 735.2 
6300.0 55.6 23.8 19.0 735.2 
6600.0 58.0 24.2 20 .o 735.2 
.?900. 0 59.8 23.8 21.2 735.2 
7200.0 61.6 24.0 21.0 735.0 
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TAl3LE XLII 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.0 N H2so4) WITH 
ADDITION OF 0.1 N COPPER SULFATE AT 79°C 
Time Vol co2 
Temp. Te"fllp. Bar. 
buret. bar. press. 
sec ml oc oc rnm Hg 
' ~-
o.o o.o 
200.Q 4.0 19.9 19.0 734.4 
400.0 7.6 20.0 
600.0 9.8 20.0 
800.0 11.9 20.2 1·9.0 734.3 
900.0 12.6 20.2 
1200.0 15.2 20.4 19.0 734.3 
15 00.0 18.0 21.4 19.0 734.3 
1800.0 20.0 21.5 19.5 734.3 
2100.0 21.4 21.4 21.0 734.4 
2400.0 23.4 21.4 21.0 734.4 
2700.0 
. 
25.6 21.6 21.0 734.3 
3000.0 27.8 21.6 21.0 734.3 
3~0').0 29.8 21.6 20.5 734.3 
3600.0 31.9 21.5 20.5 734.3 
3900.0 33.6 21.5 20.5 734.3 
<'t500.0 38.0 21.6 20.5 734.3 
.:., 800.0 40.0 21.5 20.5 734.3 
5100.0 42.2 21.6 20.5 734.2 
5400.0 44.2 '21. 6 20.5 734.3 
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TABLE XLIII 
RATE OF DECARBOXYLATION OF 0.50 M MALONIC ACID 
IN AQUEOUS SOLUTION (1.0 N H2so4) USING 
PLATINIZED Pt GAUZE (0.75 . 0 sq in) AT 79 C. 
Vol co2 
Temp. Temp. Bar. Time buret bar. press. 
sec ml c c mm Hg 
o.o o ·.o 24.6 26.0 734.3 
100.0 3.0 24.6 
200.0 4.8 24~6 
300.0 6.9 24.6 
400.0 8.5 24.6 
500.0 9.9 24.6 
600.0 11.0 24.6 
700.0 12.0 24.6 
800.0 12.7 24.6 
900.0 13.6 24.8 
1200.0 16..2 2'4. 8 26.0 734.1 
• 1500.0 18.5 24.8 26.0 734.1 
1800.0 21.0 24.8 26.0 734.0 
2100.0 23.4 25.0 26.0 734.1 
2400 .o 25.6 25.0 26.0 . 734.2 
2700.0 27.8 25 .o 26.0 734.2 
3000.0 29.8 2 5. 1 26.5 734.;3 
3300.0 31.6 25.2 26.5 734.3 
3COO .0 33.6 2 5. 2 26.5 734.2 
3900.0 35.8 25.2 26.5 734.2 
4200.0 38.0 2 5. 2 26.5 734.2 
450G.O 40.3 25.2 26.5 734.2 
4800.0 42.5 2 5. 2 26.5 734.3 
.. 
5100.0 44.6 25.2 26.5 734.3 
5400 .o 46.6 25.2 26.5 734.3 
5700.0 49.0 25.3 26.0 734.4 
6320.0 53.2 25.4 26.5 734.4 
6600.0 55.2 25.4 26.5 734.4 
6900.0 ·57 .3 25.3 26.5 734.6 
' 1500.0 61.5 25.4 26.5 734.5 
APPENDIX D 
SAHPLE CALCULATIONS 
1. Sample Calculation of the Decarboxylation Rate. The 
method used for calculatins the avera&o ratea of the decarboxy-
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lation of malonic acid at various concentrations and temperatures 
was 'the same. The data from Table~M . ~ave been used 'to illustrate 
the calculation. 
t:J:.T . 
• -· kC ba T 
-t::c. T 
---t:B 
Using the ideal gas law 
PV • NC02RT 
P~V • ANC02RT 
Dividing both sides by 69 












vo - 0.3 liter 
p. 1.0 atm 
R • 82.058 atm-ml gmol °K 
T• 273°K 
Therefore, the conversion factor is 
1 p -4 
- RT • 1.487 X 10 
vo 
The computer program was written to evaluate (~V/DG) STP 
as a function of time for each run and is shown on page 84. 
The average values _of the temperatures of the gas burette and 
barometric pressures were considered for evaluating the average 
rates. From Table XXVII 
Average gas burette temperature • 26.4°C 
Average barometer temperature • 25°C 
Average presaure • 733.2 mm Hg 
Vapor pressure of water (at 26.4°C) --25.812 mm Hg 
Correction • 2.983 mm Hg 
Corrected pressure • 704.405 mm Hg 
2. Sample Calculations for Preparing Malonic Acid Solutions 
of a Desired pH. Solutions of constant pH's (1.5 and 2.46) were 
prepared using different concentrations of malonic acid (0.25, 
0.50, 0.75, and 1.0 M) •• The so4 concentration was held constant 
Program No. 1 
PROGRAJ:.l FOR ~V~LUATING DECARBOXYLATION RATES 
C CNX0~6 GUJARATHI R.N. · 
C KINETIC STUDIES ON DECARBOXYLATION OF MALONIC ACID 
DIMENSION T(lOO),V(lOO) 
PRINT 50 
READ 200 1 Pl 1 Tl 1 P2,T2,L 
READ 300 1 (T(J) 1 J=l,L), (V(J),J=l 1 L} 






PUNCH 400 1 T(J),V(J),VT2,DELT,DELV 1 P . 
15 PRINT 4QO,T(J),V(J),VT2,DELT,DELV,P 
. 50 FDRt·1AT ( 3X8HT I ME-SEC, 'tX6HVOL-11L, 5 X5HV-STP, 5X4HDE L T, 6X4 HDEL V, 6X 9HDE L 
lV/DELT) 
200 FORMAT(4Fl0.3 1 ll0) 





OUTPUT OF PROGRAM NO. 1 
T'IME-SEC VOL-ML V.-STP DELT DELV DELV /DELT 
100.0 2.2 1.8 59 100.0 1.859 .01859269 
200.0 . 6.4 5.403 100.0 3.549 .03549514 
300.0 10.2 8.620 100.0 3. 2 1"1 . .03211465 . 
400.0 13.2 11.155 100.0 2.535 . • 02535368 
512.0 17.2 14.536 112.0 3.380 •• 03018294 
600.0 19.2 16. 22 6 88.0 1.690 .01920732 
700.0 21.4 18.085 1oo.o 1-859 .01859~70 
800.0 23.4 19. 775 100.0 1.690 .o 1690245 900.0 25.4 21.466 1oo.o 1-690 ·.01690245 
1200.0 30.4 2 5. 691 300.o 4.22 5 .01408537 
·l50 C.O 35.2 29.748 300.0 4.056 .01352196 
1800.0 40.3 34.058 300.0 4.310 .o 1436 708 
2100.0 44.9 37.946 300.0 3.887 .01295854 
2410.0 49.6 41.918 310.0 3.972 .01281315 
2700.0 53.9 45.552 290 .o 3.634 .01253112 
3000.0 58.4 49.355 300.0 3.803 .01267683 
3300.0 63.0 53.242 300.0 3.887 .01295854 
3600 .. 0 67.6 57.130 300".0 3.88 7 .01295855 
3900 .. 0 71.8 60.6 79. 30()..0 3.549 ~01183172 
Lr200.0 76.4 64.567 300.0 3.88 7 .o 12 95 8'5 3 
:. 525 .o 81.1 68.539 325.0 3.972 .01222177 
· .. 8oo. o 85.0 71.835 2 75 .o 3.295 .. .01198538 
5100.0 89.6 75.722 300.0 3.887 .01295853 
5400.0 94.0 79.441 . 300.0 3.718 .01239514 
5700.0 98.6 83.329 300.0 3.887 .01~95853 
6000.0 103.2 87.216 300.0 3. 88 7 .01295854 
6300 .• 0 107.4 90.766 300.0 3.549 .01183172 
7200.0 121.1 102.344 900 ·'0 11.578 .01286464 
7500.0 125.7 I 106.231 300.0 3.887 .01295 8 56 
7800.0 130.1 109.950 300.0 3.71? .012395 13 
8100.0 134.6 113.753 300.0 3.803 .01267683 
8400.0 139.0 117.4 72 300.0 3.718 .0123t1513 
8700.0 143.6 121.359 300.0 3.887 .01295850 
9010.0 148.4 125.416 310.o 4.056 .01308580 
9300.0 152.4 .. 128.796 290.0 3.380 .01165686 
9600.0 157 .o ., 132. 684 300.0 3.887 .01295853 
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. ' 
at 0.50 Min each solution using H2so4 and K2so4 • The first 
ionization of sulfuric acid was as~umed to be complete. The sec• 
ond ionization constant of malonic acid was so small that·it was 
not used in developing the ·following equations. 




H + 2 ~+ • IU·( + H8o4 • + 2 so4 
From Equation 45: 
- . .. SO , • 0.5 • HS04 
· <+ 
Using Equations 43 and 47: 
+ 
HSO • 0.5 H 
· 4 • I< + u4 l 
x0 • Initial concentration of H2M gmol/l 
y • Initial concentration of H2so gmol/1 
0 0 
Therefore, 
K+ • 0.5 • Y0 
H M • X • EM• 2 0 















From Equations 46 1 471 and ' 49: 
Substituting in Equation 52 for HS04 and HM- from equations 
48 and 51: 
For pH ··1.5 andY • 1M • 1 gmol/1: 
0 
H+ • 10·1•5 • 0.0316 gmol/1 
K1 • 0.00236 at 80°C (24) 
K2 • 0.00149 at 25°C (25) 
Using Equation 53: 
· 2 y -0.0316 + ( 0.5)(0.0316) 
0 0.00236 + 0.0316 
2 y - 0.0316 + 0.462 - 0.04502 
0 
2 y - 0.4518 
0 
y ··0.2259 gmo1/l 
0 
gmols of K2so4- 0.5 - 0.2259 
- 0.2741 
(0.00149) (1) 
0.00149 + 0.0316 
For preparation of l liter of solution of pH 1.5 and Y • 1 M 
0 
·.Malonic Acid • 52.0 gm 
H2so4 (10.2 N) • 45.0 ml 
K2so4 • 47.762 gm 
3. Sample Calculations of the Concentration of Different 
Species at Equilibrium. 
--....::::. + • HS04 ~ H + so4 
H M --- H+ + HM-2-








U ~ H+ at equilibrium 
X • H2M at equilibrium 
-Y • HS04 at equilibrium 
-Z • ~ at equilibrium 
Charge Balance: 
H + + 2 K + : HM- + HSO 4 + 2 M• + 2 SO 4 
U + 2P • Z + Y + 2 (X • X • Z) + 2 (Y • Y + P) 
0 "' . 0 
U • 2X + 2Y - 2X • Y • Z 0 0 
.(2Xo + 2Y0 • 2X - Y • Z) (P + Y0 - Y) 
Kl • y 
(2X0 + 2Y0 - 2X- Y • Z)(Z) 
K2 • X 
(2X0 + 2Y0 • 2X • Y- Z)(X0 - X- Z) 






Equations 55 - 57 were solved b~ the Newton·R~phson method. 
The value of U could be calculated by usin~ equa.tion 54. A 
computer program (Fortran II) was written for the Newton-Raphson 
Method and is shown on page 91. 
Newton-Raphson Method: 
(2X0 + 2Y0 - 2X- Z- Y)(P + Y0 • Y) 
F • 
y 
• K 1 
G (2Xo + 2Yo- 2X ~ Z- Y)(Z) 
• • K 
X 2 
(2Xo + 2Y0 - 2X • Z- Y)(Xo- X • Z) H • • K3 
F • 
X 
F • y 
F 
z • 
G • X 
G • y 






2(Y • P - Y0 ) 
y 
(2X + Z - 2~ -
y'l 
(Y - P - Yo) 
y 
2Yo)(P +Yo) + 1 
de (Z + y • 2Xg - 2Y0 ) (Z) 
dX - x2 
GG z 00 . • - x 
dG (2X0 + 2Yo • 2X • Y) ~ • X - 2ZX 
H • 
X 
~ • (Z + Y • 2Xo • 2Yo) + 2(Z + 2X - Xo) 
ox z . z 





em <x + z - Xo> 
oy - z 
ClH ... !Y + 2X - 2~ -~ - z2 
F F F 
X y z 
G G G 
X y z 
H H H 
X y z 
F •F F 
X z 
G •G G 
X z .. 




2YQl (Xc • Xl + 1 
-F F y 
&• -G G y 




















yi+l • yi + 6Y 
zi+l • zi + b:l. 
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Proz,ram No. 2 
PROGRA.t'1 FOR ~VALUATINg_ EQUILI"SRIUH CONCENTR..A.TIONS ~']'_ 79°g_ 
DIMENSION XQ(20),Y0(20),P(20l 
N=ll 
READ 100, (XO (I l ,YO (I l ,P( I l, l=l,N) 
PRINT 400 
DO 11 J=l,N 




C';O TO 7 
46 X=2. 
Y=O. 00 1 
z =0 .o 1 
GO TO 7 
47 X=O.l 
Y=0.2 
z =0 .1 













Progr2m 2 (cont) 
HX=(Z+Y-2.*XO(J)-2.*YO(J))/Z+(2.*(Z+2.*X-XO(J)))/Z 




02 = F x:::: ( -G:::<HZ -I·GZ :~f-1) +F* ( GX :'.<HZ -G z::<HX) +F 2"* ( -GX ::<H+Gt.'HX) 
03 =F x:::c ( -G y::<H+G:::<HY) -FY :::<( -GX::<H+G:::<HX) -F* ( GXt.<HY-G y:::HX) 
BELX=Dl/DJ , • 
DELY=D2/DJ 
DELZ=D3/DJ 





















PH H2t1 HM 
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